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Introduction
Understanding the influence of spin-orbit coupling (SOC) in 5d transition metal oxides (TMOs) is a dynamic and challenging area of current condensed matter physics research [1] [2] [3] [4] [5] , as the interplay of heavy elements, peculiar symmetry properties and exotically textured band structures are key ingredients in determining several novel phenomena. Transition metal oxides are known to reveal a wide range of exotic states including spin-orbit-assisted Mott insulator [3, 6] , spin Hall effect [7] , spin liquid behavior [8] [9] [10] [11] , topological Weyl semimetallic state [12, 13] , all primarily driven by SOC blended together with unique nature of d shell electrons [14] . The competing balance between the localized electronic behavior within the TM-O6 octahedral building blocks and the delocalized behavior among these units when they form a crystal matrix, makes TMOs so diverse and fascinating. Among the large family of 5d TMOs, the iridates represent a particularly interesting class. Their research so far has been mainly focused on the role of SOC related to the metal-insulator transition [6, 8, 15] , unusual magnetic ground states [9, 16] or the possible existence of topological conductivity [12, 17, 18] . Intriguingly, even a parent compound representing the simplest binary oxide of iridium, IrO2, exhibits several unusual properties. Fujiwara et al. [7] have recently reported a very large spin Hall resistivity in this material which makes it a promising candidate as an efficient spin detector. A recent theoretical study by Sun et al. [19] , has revealed IrO2 as a topological nodal line semimetal, with two distinct types of nodal lines and that the excellent spin detection properties arise from the existence of these topological nodal lines in the 3D Brillouin zone (BZ). They postulate that the first type of Dirac nodal line (DNL) is characterized by a nontrivial finite Berry phase calculated along a Wilson loop encircling the line, and that the second type DNL has a trivial (zero) Berry phase. Further spin Berry curvature calculations confirmed that it is the first type of DNL that strongly contributes to the spin Hall conductivity. In the light of this, the experimental corroboration of the spin-orbit derived features in the electronic structure seems to be extremely important for the future development of this field. Here, we aim to identify SOC induced electronic bands experimentally on a high quality single crystalline sample, which is a key to understanding large spin Hall effect of IrO2.
We investigated the electronic structure of IrO2 by combining the high-resolution angleresolved photoelectron spectroscopy (ARPES) with density functional theory (DFT) and
Green's functions calculations, which allowed us to identify features strongly dependent on the k vector normal to the (110) surface, i.e. a 3D character, coexisting with both undispersed bands and prominent surface effects/states. Moreover, photon energy dependent analysis of the orbital character of states near the Fermi level allows to reveal the presence of an avoided crossing at the high-symmetry hextuple point along the Γ − Z direction in the Brillouin zone [19] ; we discuss this observation as possibly connected to the spin Hall properties of IrO2.
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Methods
The black metallic oxide IrO2 adopts the rutile structure with the space group P42/mnm and lattice parameters a = b = 4.5050 Å and c = 3.1586 Å [20, 21] . The IrO2 crystals were grown by a chemical vapor transport technique in a flow oxygen system with oxygen pressure greater than one atmosphere [22] . Further details can be found in Ref. [23] . The single crystal of IrO2 was cleaved mechanically inside UHV to obtain the (110) surface. High resolution ARPES measurements are performed using ScientaOmicron DA30 electron analyzer at 78 K (liquid nitrogen cooled cryostat) exploiting linearly polarized synchrotron radiation of 40 -85 eV at an angular and energy resolution better than 0.2˚ and 20 meV, respectively. The experiments were performed at the APE-IOM beamline at the ELETTRA Sincrotrone, Trieste [24] . The sample surface was exposed to a pressure lower than 1 x 10 -10 mbar during the ARPES measurements.
DFT calculations were performed by using the GREEN code [25] interfaced with the SIESTA package [26] . The exchange and correlation terms were considered within the GGA in the Perdew-Burke-Ernzerhof formalism [27] . Core electrons were replaced by norm-conserving pseudopotentials of the Troulliers-Martin type, with core corrections included for Ir atoms. The atomic orbital (AO) basis set consisted of double-zeta polarized numerical orbitals strictly localized. The confinement energy in the basis generation process was set to 100 meV. Real space three-center integrals were computed over 3D-grids with a resolution equivalent to 500 Rydbergs mesh cut-off. The temperature KBT in the Fermi-Dirac distribution was set to 10 meV. Spin-orbit coupling has been self-consistently taken into account as implemented in Ref. [28] . Next, we have employed the Green's functions based approach in order to model the surface as a semi-infinite system consisting of surface layers stacked on top of the bulk. Although our experiment vs theory comparison could be performed based only on standard DFT slab calculations, we believe that using the semi-infinite model is advantageous for recognizing bulk and surface states as well as for precise identification of the onsets of the latter.
The electronic structure for the semi-infinite surfaces was computed following several steps.
Once the structures described above were optimized, we added two more bulk-like IrO2 units at the bottom of the slab and recomputed their Hamiltonians self-consistently first neglecting and next including SOC. Finally, we used the appropriate Hamiltonian matrix elements to stack the surface layers on top of the bulk; since the resulting Hamiltonian is semi-infinite, the absence of translational symmetry does not allow to calculate the band structure via its diagonalization; instead we use the Green's functions method to calculate the equivalent Eand k-resolved density of states projected on surface atoms. The details of implementation are specified in Refs. [29] , while a shorter and more comprehensive description can be found in Refs. [30, 31] . The same topography repeats over the adjacent BZ. The general Fermi surface features and band dispersions agree with recently reported ARPES data measured on IrO2 thin films [32] .
Results
The high-quality single-crystal surface used for our measurement, however, significantly improves the data quality, and hence the resolution of the features. To further investigate the nature of electronic bands, we measured the Fermi maps using several different photon energies in the range 40 to 85 eV, which covers about one whole BZ periodicity along the 3 direction. A strong 4 dispersion within the measured photon energy range is observed as shown in Figure 2 Figure 4 (a) as thick lines). To observe the bulk states lying along − direction, we had to probe the second (110) surface Brillouin zone.
We could not, however, identify clear bulk signatures due to the predominance of intense 7 surface states. Furthermore, the non-symmorphicity of the rutile space group (P42/mnm), related to the existence of the screw axis, can further restrict the symmetries of the final states (transition matrix elements effect) that are observable, without destructive interference, in the angle-resolved photoemission process as discussed in Ref. [33] .
Discussion
The feature of central interest is marked with the yellow ellipse in Figure 4 (a) ; the avoided crossing at the Fermi level arises directly from the spin-orbit interaction and seems to be relevant for the spin Hall effect in IrO2. As mentioned above and clearly explained in the work by Sun et al. [19] , the large spin Hall conductivity in this material is associated to the existence of so-called Dirac nodal lines residing in E(k) dispersion at (110) plane without SOC. Such lines form a continuous set of topologically non-trivial nodal points, which upon spin-orbit interaction, significantly contribute to the Berry curvature distribution in the k-space, and thus, to the large reported spin Hall conductivity. The principal nodal line in rutile IrO2 merges the crossing points (without SOC) marked in Figure 4 (a) as HP (hextuple point) and OP (octuple point) following the notation from Ref. [19] . In the ARPES experiment, however, the OP (lying along the − direction of the primitive BZ) cannot be identified, due to above arguments related to surface states; as such, the experimental observation of the gap opening along the whole nodal line in k space seems unfeasible. Rather, the avoided crossing feature associated with HP is explored. The expansion (Figure 4(b) ) reveals its structure in closer detail; interestingly, apart from the spin-orbit split bands A and C, a double degenerate state B protruding through the gap is observed, which is a unique spectral feature and helps enable identification. All these bands have clear Ir 5d character hybridized with some O 2pπ character; following Ref. [21] for the Ir local frame, the main orbital character is given by dxz in case of band B and mixed dyz/dxz at anti-crossing bands A/C, reminiscent of clean dxz (dyz) of A(C) without SOC. This avoided crossing feature can be easily recognized in the calculated spectra (Figure 4(d) ), and further confirming the good agreement between experiment and theory.
In summary, we have experimentally investigated the electronic band structure and Fermi surface topography of IrO2 by ARPES, using a high quality single crystal sample. By detailed photon energy dependent measurement, we unveiled a strong 3D character of the band structure as well as several clearly surface-derived features. With the support of first-principles calculations, we resolved various critical band structure features, including an avoidedcrossing along the $ − $ direction which, as revealed by our and previous DFT calculations, originating from spin-orbit coupling. Whilst the avoided crossing feature seems to be important for the measured strong spin Hall effect [19] , direct observation of the SOC derived feature constitutes a first step towards further experimental exploration of any topological properties in this material. Our results open up exciting opportunities to exploit this simple binary oxide for spintronic applications, and to understand the role that spin-physics plays in this material. particular band cuts which are displayed in panels e-j. These measurements were performed using photon energy (ℎ ) = 75 eV at T = 78 K. 
